The replicative form (RF) of spiroplasma virus 4 (SpV4) has been cloned in Escherichia coli, and the cloned RF has been shown to be infectious by transfection (M. C. Pascarel-Devilder, J. Renaudin, and J.-M. Bove, Virology 151:390-393, 1986 (20) .
Spiroplasma virus 4 (SpV4) is an isometric virus with single-stranded circular DNA that produces a lytic infection of the helical mollicute Spiroplasma melliferum (22) . The 4.4-kilobase viral DNA is one of the smallest genomes of procaryotic DNA viruses. Possible bacterial equivalents of SpV4 are the coliphages G4 and 4X174. The genomes of these phages are only slightly larger than that of SpV4 and code for at least 10 proteins. The SpV4 DNA might also code for a relatively large number of proteins despite its small size. Therefore, SpV4 DNA seemed to be a good candidate for nucleotide sequencing to obtain information on gene structure and regulatory signals in the spiroplasmas. Such data are still very scarce in the mollicutes in general and the spiroplasmas in particular. We have recently cloned the double-stranded replicative form (RF) of SpV4. The cloned RF was proved to be infectious by transfection, indicating that no sequences were lost during cloning (20) . We report here the full sequence of the cloned SpV4 DNA. The viral genome has nine open reading frames (ORFs) provided that TGA is not taken as a termination codon. The regulatory signals are very similar to those of eubacterial sequences, in agreement with recent views on the phylogeny of the mollicutes, regarded as a coherent phylogenetic group deriving by regressive evolution from low-G+C gram-positive bacteria (26) .
MATERIALS AND METHODS
Bacteria and bacteriophage. Escherichia coli HB101 was used for propagating recombinant plasmids containing SpV4 SpV4 RF DNA. Culture of S. melliferum Gl and propagation of SpV4 in this spiroplasma have been described previously (22) . Purification of the SpV4 RF DNA and its cloning in E. coli have been described recently (20) .
Shotgun cloning and dideoxy sequencing of SpV4 RF DNA with bacteriophage M13. SpV4 RF DNA fragments were randomly generated by sonication (4), cloned in E. coli TG1 after insertion into the RF of phage M13mp8 used as a vector (17) , and sequenced by the dideoxy chain termination method (30) Fig. 3 will be considered.
The positions of methionine codon ATG on the viral DNA strand (V) and the complementary strand (C) are represented as vertical bars in Fig. 4 . The ORFs of Fig. 3 are larger than 120 nucleotides are indicated as boxes in Fig.  4 . Only some of these ORFs have an ATG initiation codon at the 5' end (arrowheads in Fig. 4) , and almost all of these are located on the viral DNA strand (V).
A bacterial coding ORF possesses, at 5 to 10 nucleotides upstream of the initiation codon, a Shine-Dalgarno sequence complementary to the 3'-OH end of the 16S rRNA (31) . This site, approximately six nucleotides long, often contains the sequence AGGA and is involved in ribosome binding. The nucleotide sequence at the 3'-OH end of S. melliferum 16S rRNA is not known. A search for Shine-Dalgarno sequences on the SpV4 DNA was done by comparing the sequences upstream to the initiation codons of the ORFs with the 3'-OH end of three others 16S rRNAs: that of E. coli, that of Bacillus subtilis, and that of Spiroplasma citri (Fig. 5) . S. citri is serologically related to S. melliferum, and these two spiroplasmas have 65% DNA homology (2) . The sequence of the 15 terminal nucleotides of S. citri 16S rRNA is the same as that of the following mollicutes and gram-positive bacteria: M. capricolum, Mycoplasma sp. strain PG50, Acholeplasma laidlawii, Clostridium innocuum, and B. subtilis (6, 12, 18, 34) . Undoubtedly, this 3'-OH terminal sequence is highly conserved and differs from that of E. coli at the very 3'-OH end, 3'-UCU being replaced by 3'-A in E. coli. It is therefore very likely that the 3'-OH end of 16S rRNA of S. melliferum is identical to that of S. citri. Figure 5 shows the nine ORFs which have a Shine-Dalgarno sequence complementary to S. citri 16S rRNA. These nine ORFs have been numbered 1 to 9 from the largest to the smallest; they are indicated by their number in Fig. 4 , except ORF9, which is shorter than 120 nucleotides. ORF1, the largest, has the size expected for the 60,000-dalton capsid protein, the only viral protein identified so far. The Shine-Dalgarno sequences are up to three nucleotides larger when evaluated against the 3'-UCU-terminated 16S rRNA of S. citri or B. subtilis than against the 3'-A-terminated 16S rRNA of E. coli (Fig. 5) .
In summary, nine putative coding ORFs have been identified on the SpV4 viral DNA. Each ORF is bordered by an initiation codon and at least one termination codon, and possesses, upstream of the initiation codon, a ShineDalgarno sequence. ORF1 has the expected size for the 60,000-dalton capsid protein gene. The initiation codon of ORFs 1, 2, 3, 4, 5, 6, 7, and 9 is ATG, and that of ORF8 is GTG. The GTG codon of ORF8 is part of the sequence TTGTG (Fig. 5) . The codon formed by the first three nucleotides (TTG) has been described as an initiation codon in gram-positive bacteria and phages (16) . Hence, TTG could also be the start of an ORF, however, one that is shorter than ORF8 starting with GTG. The first termination codon is TAG for ORFs 2, 8, and 9 and TAA for the other six ORFs. ORFs 5 codons, respectively. The nine putative coding ORFs involve all three reading frames (Fig. 6 ). There are three overlapping regions, between ORFs 5 and 3, 3 and 1, and 2 and 7. ORF2 fully overlaps ORF7. The nucleotide sequences of overlapping regions are shown in Fig. 7 . ORF of capsid protein. The size of the capsid protein of SpV4 was found to be 60,000 daltons by polyacrylamide gel electrophoresis (22) . ORF1, which extends from nucleotide 1736 to nucleotide 3397, has a coding capacity of 63,900 daltons of protein and is the only ORF large enough to accommodate the capsid protein. The N-terminal amino acid sequence of the capsid protein, determined as described in Materials and Methods, was found to be Met-Lys-Lys-LysMet-Ser..... This is precisely the amino acid sequence predicted from the nucleotide sequence of ORF1 (Fig. 2) . It is therefore very likely that ORF1 is indeed the gene for the SpV4 capsid protein.
Codon usage. The codon usage for the capsid protein has been determined from the nucleotide sequence of its gene (ORF1). For codons specifying the same amino acid and differing by only the nucleotide at position 3, those with A or T in the third position are used much more frequently than those terminated by C or G; those terminated by T are more frequently used than those ending with A (Table 1) . Within the six codons for arginine, AGA and AGG starting with A are more frequently used than, respectively, CGA and CGG starting with C. A similar situation occurs with leucine, for which the two codons starting with T are preferably used over those starting with C. The preferred usage of codons having A or T in the first or third position as described above for ORF1 is also true for the other eight ORFs.
Hydropathy profiles. From their nucleotide sequences, we -43 regqio -35 region determined the hydropathy (14) curves of ORFi (capsid protein) and the other eight ORFs. The hydropathy profiles for the putative proteins of ORFs 2, 3, 4, 6, and 8 show alternating hydrophilic and hydrophobic regions. The capsid protein profile is similar but shows a pronounced hydrophobic peak in the region corresponding to nucleotide 2940. The putative polypeptides corresponding to ORFs 7 and 9 are peculiar in that ORF7 has only hydrophobic regions, while ORF9 is fully hydrophilic. For ORF5, the profile shows two large hydrophobic regions and a small hydrophilic region at the C-terminal end. Regulatory signals. Three promoterlike sequences (P1, P2, P3) were identified (Fig. 8) . Their positions on the SpV4 genome are indicated in Fig. 6 . Sequence P1 is close to the consensus sequence of bacterial promoters, recognized by E. coli RNA polymerase carrying sigma factor a70 or the B. subtilis holoenzyme with sigma factor u43 (24) . It has a perfect Pribnow (TATPuATPu) box (21) located at -10 of a CAT box. The A residue of CAT could be the start (+ 1) of mRNA transcription. Also, the sequence of P1 at the -35 region is only two nucleotides short of the most conserved sequence in that region, namely, GTTGACA. Finally, at -43, there is an A+T-rich region, characteristic of a generalized promoter. Promoterlike sequence P2 has regions similar to the -10, -35, and -43 regions of the consensus bacterial promoter, but the initiation point of mRNA transcription does not involve a CAT box and remains ambiguous. The start of mRNA transcription from promoterlike sequence P3 is also ambiguous; the region at -35 has a good consensus sequence, but in the region at -10 the A's of the Two inverted repeat sequences were located on the SpV4 DNA, one around nucleotide 3932 and the other around nucleotide 528. The sequence at nucleotide 3932 is shown in Fig. 10 as double-stranded DNA; the inverted repeats, 11 nucleotides long, are underlined. The putative RNA transcript from this double-stranded DNA has the ability to form a hairpin structure (Fig. 10) . This structure has a UUUUUUUA-3'-OH sequence, typical of a transcription terminator independent of factor rho, and could be involved in transcription termination. It should be noticed that, as shown in Fig. 10 , the sequence around nucleotide 3932 is part of the promoterlike region P3 (Fig. 8) . A similar situation has also been described for phage 4X174, in which the promoter of gene A overlaps the main transcription terminator (9) .
The inverted repeat sequence at nucleotide 528 is located in the untranslated region between ORF2 and ORF8 (Fig. 6 ) and can form a secondary structure as shown in Fig. 9 . With seven G * C base pairs of which five are in a row, this hairpin structure should be quite stable. The hairpin structure of SpV4 is reminiscent of similar structures on the single-stranded DNAs of phages M13, G4, and 4X174 (9) . For M13 and G4, there is a unique origin of cDNA strand synthesis. The hairpin structure of M13 DNA, located in the untranslated region between genes II and IV, and that of G4 DNA, located in the intergenic space between genes F and G, are involved in the transcription of the RNA primer required for complementary strand synthesis. For 4X174, the origins of complementary strand synthesis are multiple and almost randomly located. The hairpin structure between genes F and G is involved in the formation of the preprimosome (13) . DISCUSSION With 4,421 nucleotide residues, the single-stranded circular DNA of S. melliferum SpV4 is one of the smallest procaryotic viral DNAs known. Despite its small size it seems to possess nine ORFs. The identification of these ORFs is based on the assumption that TGA is not a termination codon. No ORFs could be detected when all three SPIROPLASMA VIRUS 4 GENOME (33.9 mol%) as A (34 mol%), the codons terminated by T are more frequent than those ended by A. The high frequency of T in the third position was also noted for X174 codons and to a lesser extent for G4 codons, but it is more pronounced for SpV4 DNA. The more frequent use of T rather than A as the last codon base allows more options for anticodons read by using wobble.
The promoterlike regions of the SpV4 DNA that were identified had sequences very similar to those of the bacterial promoters used by E. coli or B. subtilis RNA polymerases when a70 or a43 are the respective sigma factors. Also, each one of the nine viral ORFs has a bacterial Shine-Dalgarno sequence similar to that found in gram-positive bacteria (16). It is quite probable that the host spiroplasma genome has the same bacteriumlike promoters and Shine-Dalgarno sequences as the SpV4 genome. This seems to be so since spiroplasma genes such as the spiralin gene can be expressed in E. coli from their own promoters (19 
